The otocyst harbors progenitors for most cell types of the mature inner ear. Developmental lineage analyses and gene expression studies suggest that distinct progenitor populations are compartmentalized to discrete axial domains in the early otocyst. Here, we conducted highly parallel quantitative RT-PCR measurements on 382 individual cells from the developing otocyst and neuroblast lineages to assay 96 genes representing established otic markers, signaling-pathway-associated transcripts, and novel otic-specific genes. By applying multivariate cluster, principal component, and network analyses to the data matrix, we were able to readily distinguish the delaminating neuroblasts and to describe progressive states of gene expression in this population at single-cell resolution. It further established a three-dimensional model of the otocyst in which each individual cell can be precisely mapped into spatial expression domains. Our bioinformatic modeling revealed spatial dynamics of different signaling pathways active during early neuroblast development and prosensory domain specification.
INTRODUCTION
In this study, we use the otocyst, the precursor of the vertebrate inner ear, as a model system to explore quantitative single-cell transcriptional characterization for 96 genes at the spatial, temporal, and functional level. The otocyst is a three-dimensional (3D) structure that arises from the otic placode, adjacent to the developing hindbrain Morsli et al., 1998) . It harbors the vast majority of cells that give rise to the inner ear, as well as the vestibular and cochlear neurons (Corwin and Cotanche, 1989; Groves and Fekete, 2012; Swanson et al., 1990) .
Despite the wealth of knowledge accumulated by studies of individual gene expression patterns (Alsina et al., 2009; RaddeGallwitz et al., 2004) , it is not clear whether the specific cell populations located at distinct positions in the otocyst such as dorsal or ventral are homogeneous or whether they can be further subdivided into smaller and spatially defined groups of cells. Likewise, it has been hypothesized that the developing sensory organs and neuroblasts that arise from the otocyst are the product of regional synergistic relationships between cells or groups of cells, effects of surrounding tissues, as well as cell fate restrictions (Brigande et al., 2000; Fekete and Wu, 2002; Groves and Fekete, 2012; Wu and Kelley, 2012) .
Population-based approaches do not recognize rare cell types, nor do they reveal spatial correlations of genes that define cell identities with active signaling pathways. In contrast, singlecell analysis technologies provide a powerful method to study global cell heterogeneity and to describe mechanisms on a local level (Tischler and Surani, 2013) . Our aim was to use the mouse otocyst as an example of a simple but highly organized system of cells and to apply single-cell quantitative gene expression analysis in order to gain insight into regional cell identities, dynamic processes, and areas of active signaling. We analyzed 382 individual mouse otocyst and neuroblast cells by performing 36,672 individual quantitative RT-PCR measurements conducted on microfluidic arrays. Using three complementary analyses of correlation, principal components, and network topology, we defined the dynamic architecture of neuroblast development inherited in cell-specific transcription motifs. We further applied bioinformatic methods in the context of well-established spatial gene expression patterns to computationally reconstruct an otocyst organ model that provides in-depth biological insight at single-cell resolution. Our analyses describe temporal and spatial components of otic development. This allowed us to organize high-dimensional data into simple models that contribute to a better understanding of the cellular heterogeneity.
RESULTS

Transcriptional Profiling of Individual Otocyst and Neuroblast Cells
During mammalian inner-ear development, expression of the transcription factor Pax2 is first detectable in the otic placode and continues to be expressed in the otocyst as development progresses (Hidalgo-Sá nchez et al., 2000) . In Pax2 Gt(ROSA)26Sor mtdTomato,mEGFP reporter mice (Muzumdar et al., 2007; Ohyama and Groves, 2004) , the progeny of the otic placode including all otocyst cells as well as delaminating neuroblasts express membrane-EGFP, whereas the surrounding non-otic cells continue to express membrane-tdTomato fluorescent protein ( Figures 1A and 1A  0 ). Using fluorescence-activated (E) Genes projected onto the first two principal component loadings. Thresholds of 0 (PC1) and À40 (PC2) were applied to determine transcripts along first PC loading. Threshold values of +40 (PC1) and 0 (PC2) were used to determine transcripts along second PC loading.
(F) Binary analysis of different genes whose expression was on or off in each group (A1/A2). Shown are the proportion differences of cells between cluster A1 and A2 in descending order from top to bottom. Red indicates genes that are overrepresented in cells of the A1 cluster. Green represents genes that are expressed in relatively more cells in cluster A2. See also Figures S1-S4 and Tables S1 and S2E. cell sorting (FACS), we collected 384 individual membrane-EGFP(+)/membrane-tdTomato(-) cells from the otocyst and the immediate neighboring tissue of embryonic day 10.5 (E10.5) embryos ( Figure 1B and Figure S1 available online). We quantitatively measured expression of 96 different transcripts utilizing a microfluidic quantitative PCR platform. Included were transcripts with known expression in the mouse otocyst, potentially novel otocyst-enriched transcripts identified in an independent microarray study, as well as genes associated with five major signaling pathways implicated in inner-ear development (Fgf, Shh, Notch, canonical Wnt, and Tgfb) ( Table S1 ). The performance of each primer pair was validated for technical reproducibility and specific signal generation ( Figure S2 and ''Primer Validation'' in Extended Experimental Procedures). Single-cell cDNA was analyzed with 36,864 individual qPCR measurements. 382 cells passed a number of stringent quality control assessments that ensured high-quality single-cell data and were included for subsequent analyses ( Figure S3 and ''Quality Control and Initial Data Processing'' in Extended Experimental Procedures).
Single-Cell Transcriptional Profiling Distinguishes between Otocyst and Neuroblast Cells
Neuroblast specification is one of the earliest cell fate decisions in inner-ear development. The otocyst harbors precursor cells that delaminate from the ventro-anterior region and migrate ventro-medially to accumulate, proliferate, and differentiate into the neurons that innervate the cochlea and vestibular organs of the inner ear (Rubel and Fritzsch, 2002) . The process of delamination and migration begins around embryonic day 9.5 (E9.5) and persists for at least 1.5 days until E11 (Kim et al., 2001; Ma et al., 1998) . Neuroblasts express a number of hallmark genes, such as Neurog1 (Ma et al., 1998) , Neurod1 (Liu et al., 2000) , and Isl1 . At E10.5, we expected to isolate both delaminating and migrating neuroblast cells and we anticipated them to be distinguishable from the otocyst cells based on their distinct gene expression patterns.
To discriminate between neuroblasts and otocyst cells, we compared transcriptional profiles of all 382 cells across 92 genes. We used the Pearson correlation coefficients (Pearson, 1896) as measures of similarity among expression profiles of all individual cells and produced a heat map reflecting correlation of each individual cell to all the others. Correlations revealed two distinct clusters of cells, which we termed A1 (consisting of 110 cells) and A2 (consisting of 272 cells) ( Figure 1C ). In a parallel and independent mathematical analysis, we used principal component analysis (PCA) (Jolliffe, 2002; Yeung and Ruzzo, 2001) to distinguish between distinct cell groups. PCA is a multivariate technique that reduces the high dimensionality of the data (here 92 genes [96 minus 4 control genes] corresponding to 92 dimensions) by determining new coordinates in a retransformed multidimensional space and selecting a smaller set of coordinates that still capture the variations in the original high-dimensional data. PCA allows for patterns to be recognized in a lower-dimensional space. We found that the first two principal components retained 35.12% of the original biological variability of the data, which is sufficient to partition two groups corresponding with A1 and A2 of the Pearson analysis ( Figures S4A  and 1D ).
Each principal component consists of weighted contributions from all 92 genes. In PCA, the correlation of a variable with a given component is referred to as a ''loading'', which represents the proportion of contribution of a given gene to the distribution of cells along the component. When we projected the first two principal component loadings for all 92 transcripts, we were able to categorize two distinguishing cohorts of genes based on high-differential loadings between PC1 and PC2 ( Figure 1E ). Genes identified with this strategy included the neuroblast markers Neurog1, Neurod1, and Isl1 within one group, whereas the other group contained presumptive otocyst genes. Furthermore, comparison of the relative proportion of cells expressing individual genes reveals that neuroblast-associated transcripts are linked with cells belonging to A1, clearly distinguishing these cells from the A2 cluster ( Figure 1F ).
Biclustering Analysis Further Subdivides Otocyst and Neuroblast Populations
Visual inspection of the heatmap generated by Pearson correlation suggested that the two major cell populations can be further subdivided. We therefore employed biclustering, an unbiased partitioning approach that allows simultaneous clustering of genes and cells. It resolves local rather than global gene association patterns and thus can identify subsets of genes with similar expression motifs across subsets of cells (Cheng and Church, 2000) . Figure 2A shows the heatmap generated by the biclustering algorithm, which assembled the data into six clusters of cells, designated B1-B6. B1 and B3 consisted of 50 and 65 cells, respectively, and contained all of the 110 A1 cells previously identified with Pearson correlation and PCA. 267 of the 272 A2-associated cells were found in B2 and B4-B6 ( Figure 2B ). The overall organization of the subcluster structure reinforces the idea that the global cellular heterogeneity of the otocyst and neuroblast cells can be computationally organized into transcriptionally and/or functionally related cell groups. Each of the six cell clusters is determined by differential expression of Table S2E. distinct subsets of genes expressed in a correlated manner. Clusters B1 and B3 show complete absence of dorsal otocyst markers and, as already suggested by Pearson correlation and PCA, are defined primarily by the presence of neuroblast markers. Biclustering revealed distinguishing details between the B1 and B3 clusters. Interestingly, markers expressed during the early phase of neuroblast delamination such as Neurog1 and Fgf3 (Hatch et al., 2007; Ma et al., 1998) were largely expressed in B1 cells, whereas genes found in migrating and postdelaminated neuroblasts such as Isl1, Neurod1, and Eya1 Liu et al., 2000; Radde-Gallwitz et al., 2004) were transcripts delineating the B3 cluster of cells. Additionally, cluster B3 showed less expression of a group of genes that specifically described cluster B2 (Figure 2A , boxes in B1-B3). Based on these observations, we hypothesized that B1 consists of early neuroblasts, whereas B3 resembles cells of late neuroblast identity ( Figure 2C ).
Cluster B2 consists of 93 cells that express ventral-associated markers, including the prosensory genes Lfng, Sox2, and medial marker Pax2, as well as the sonic hedgehog (Shh) signaling effector Gli1 (Dabdoub et al., 2008; Morsli et al., 1998; Riccomagno et al., 2002) . This suggests a ventro-medial otocyst origin, which is supported by absent or low expression of dorsal-associated genes such as Oc90 and Dlx5 (Depew et al., 1999; Verpy et al., 1999) (Figure 2C ).
Cells grouped in B4 were categorized as dorsal otocyst and feature the absence of ventrally associated and neuroblast markers, whereas genes with reported dorsal expression domains are strongly expressed, such as Bmp4, Dlx5, Gata2, and Oc90 (Fekete and Wu, 2002; Lillevä li et al., 2004; Zheng et al., 2003) .
Cluster B5 is characterized by a large number of genes, several of which are mainly associated with the otocyst and not specifically with delaminating neuroblasts. Many of these genes are expressed more widely, which made it difficult to readily assign specific domain identities.
Lastly, cluster B6 represents a distinct subpopulation of cells that uniquely express members of the Wnt/b-catenin family (Wnt2b, Wnt7a, Wnt7b). Wnt2b is described as specifically labeling the endolymphatic duct area (Hatch et al., 2007; Koo et al., 2009; Lin et al., 2005; Riccomagno et al., 2002) . Cells in B6 also express dorsal genes Oc90 and Dlx5, as well as the medial marker Gbx2 (Hidalgo-Sá nchez et al., 2000) , suggesting that they might derive from these regions.
The above bicluster analysis allowed identification of genes that correlate with individual cell clusters. We next sought to directly compare expression of select groups of these definitive genes across all 382 individual cells. Figure 2D shows six examples of direct comparison for three cell-cluster-associated genes (color coded as in 2C) as well as one contrasting gene (gray) that is generally absent or expressed at low levels in the respective cluster (see Figure S5 for comprehensive list). In B1, for example, cells that express the early neuroblast gene Neurog1 (cells sorted descending according to its expression level) are generally negative for the dorsal marker Oc90. Additionally, Fgf3 and Fgf8 expression is partially correlated with Neurog1+ cells.
The B2-characterizing marker lunatic fringe is expressed in about 59% of cells in B2, the majority of which are Oc90 negative or low. Expression distributions of prosensory marker Sox2, ventro-medial marker Pax2, and Sonic-hedgehog-associated marker Gli1 are consistent with a nonneural, ventral otocyst identity for cluster B2 ( Figures 2D and S5B ). Distributions of B3 marker genes Neurod1, Isl1, and Eya2 reveal that Neurod1 is expressed in a distinct subset of cells within B3 with a unimodal expression behavior. With respect to Oc90, Neurod1 expression is virtually mutually exclusive, with only a few cells in cluster B3 positive for both markers. Distributions of Isl1 and Eya2 (cells ordered according to Neurod1 transcriptional levels) display a bimodal expression behavior ( Figure 2D and see also Figure S6 ). Whereas the majority of cells that are positive for both genes also express Neurod1, a small subpopulation of Isl1+/Neurod1À and Eya2+/Neurod1À exists; these cells generally express Isl1 and Eya2 at lower levels than the Neurod1+ population (Figures 2D and S5C) .
Analysis of B4-associated genes and comparison of their expression across all cells together with ventral marker Lfng highlights the correlation between Oc90, Dlx5, and Gata2. A specific subpopulation of Oc90+ cells that is mainly Lfng negative also expresses dorsal marker Dlx5 (although a small Oc90À/ Dlx5+ population also exists). The majority of cells that express Gata2 at a high level also express Oc90, and expression of Gata2 was mutually exclusive with Neurod1 ( Figures 2D and  S5D ). In contrast, the bulk of genes that characterize cells in B5 are more broadly expressed in a gradient-like manner. Cells sorted according to expression levels of Lmx1a revealed a transcriptional correlation with Sox10 and Fgfr2. Additional juxtapositions between other marker genes identified even more detailed descriptive expression patterns ( Figure S5E ). Finally, B6 cells represent a distinct subpopulation of Wnt active cells that exclusively coexpress the endolymphatic duct marker Wnt2b and newly identified Wnt7a, but not Wnt7b, and are also positive for Emx2, which previously was not detectable in the otocyst by in situ hybridization (Holley et al., 2010) (Figures 2D and S5F) .
In summary, biclustering analysis revealed different subpopulations within the otocyst and neuroblast cells. Gene-by-gene and cell-by-cell analyses divulge quite interesting and in-depth correlations, but it does not provide distinct relationships in the context of otic development. This prompted an analysis strategy, wherein we considered known gene expression information to establish models in which individual cells can be assigned to specific developmental stages and/or to their original spatial context in the otocyst.
Temporal Dynamics of Neuroblast Maturation Revealed by Network Analysis and One-Dimensional PCA Neuroblasts originate in the ventro-anterior region of the otocyst, where they delaminate and migrate to form the cochleo-vestibular ganglion Kim et al., 2001; Ma et al., 1998) . Based on the biclustering results, we hypothesized that the two subsets of neural-associated cells represent two temporally distinct neuroblast cell pools, an early neural progenitor population (B1) and a developmentally further advanced population (B3). Neuroblast differentiation is a dynamic process during which cells delaminate, migrate, proliferate, and differentiate. To visualize the developmental progression of B1-and B3-associated cells, we assumed that cells in similar differentiation stages show comparable gene expression patterns, recognizable by high coexpression scores determined with Pearson correlation. Connecting cells with high coexpression scores, we constructed a differentiation phase-similarity network comprised of all 115 B1 and B3 cells ( Figure 3A and ''Network Generation and Topology Analysis'' in Extended Experimental Procedures). Topological analysis of the phase-similarity network (Girvan and Newman, 2002) revealed three distinct community groups (designated C1-C3) that correlated with previously established biclusters B1 and B3 ( Figure 3B ). The C1 and C3 groups comprised cells exclusively associated with clusters B1 and B3, respectively, consistent with early and later stages of neuroblast development. The C2 group of cells was topologically between C1 and C3 and consisted of B1 and B3 cells arranged asymmetrically. Interestingly, a smaller interconnected group of cells within C2 (dotted oval in Figure 3A ) was previously partitioned within the ''late neuroblast'' bicluster B3, suggesting that their temporal character is disparate from the presumably ''younger'' B1 cells found on the left side of C2. This network topology and correlation with biclustering is consistent with C2 representing a transitional state of otic neurogenesis.
To validate the network topology analysis, we studied expression levels of individual marker genes associated with distinct phases of neuroblast maturation. The bHLH transcription factor Neurog1 is an early neuroblast marker that is necessary for neuroblast specification (Ma et al., 1998) . Neurod1 is required for completion of neurogenesis and survival of neuroblasts (Liu et al., 2000) . The LIM-Homeodomain transcription factor Isl1 is expressed in neuroblasts during delamination as well as in mature auditory and vestibular neurons RaddeGallwitz et al., 2004) . Cells in C1 expressed Neurog1 at a statistically significant 3-fold higher level over cells in the other two clusters ( Figure 3C ). Moreover, 93.3% of cells in C1 were positive for Neurog1, unlike cells grouped in C2 and C3 (65.9% and 50.0%, respectively). Consistent with its more protracted role in otic neurogenesis, Neurod1 was expressed in seemingly every cell in all three clusters at a high transcriptional level, with no significant difference between groups. Isl1 expression, on the other hand, was increased 20-fold in the ''late neuroblast''-associated cluster C3 compared to cells in the ''early neuroblast'' cohort C1 and significantly increased in C2 compared with C1. These See also Figure S7 and Table S2E. findings support the conclusion that the 115 cells employed for network analysis represent the inner-ear neuroblast lineage in dynamic transition between early, intermediate, and late stages.
The ability to classify neuroblasts into presumptive stages of development prompted us to confine PCA to one single dimension, which we hypothesized would mainly represent the temporal axis and would reveal dynamic expression profiles in a more continuous fashion. The first dimension (PC1) was highly informative, retaining a more substantial proportion of the original variability of the data when compared with analyses of other cell populations ( Figure S4B ). The sequence of cells along the PC1 axis highly correlated with the earlier bicluster analysis, where cells that previously were biclustered into B1 were positioned on the left side, which we marked ''early'', whereas the previously B3-associated cells scattered along the right section of the vector, which we termed ''late'' ( Figure 3D ).
We next examined the biological validity of our unidimensional model of the neuroblast population by examining expression levels of select developmental genes along the PC1 axis ( Figures  3E-3K ).
The distribution of associated markers corroborated the previous finding for Neurog1, Neurod1, and Isl1, revealing that Neurog1 and Isl1 were expressed generally in opposing fashion. Cells with the highest expression of early neuroblast markers distributed toward the left side, whereas cells with high expression for Isl1 congregated on the right side of the first component vector ( Figure 3E ). Because the position of each cell along the axis is the composite result of contributions of all 92 genes used for the analysis, we were able to use the unidirectional presentation to inquire how other genes were expressed along the neuroblast lineage progression model (see Figure S7A for complete list). The neurotrophins Ntf3 and Bdnf, for example, are essential at later stages for inner-ear neuron survival (Fritzsch et al., 2005) , but their expression and role in the otocyst and delaminating neuroblasts have not been well characterized. These two factors declined from robust expression in virtually every early neuroblast to low levels or absence at later stages of otic neurogenesis.
Consistent with delamination from the otocyst and transitioning into the neuroblast lineage, the prosensory markers Lfng, Jag1, and Sox2 (Brooker et al., 2006; Hartman et al., 2010; Kiernan et al., 2005) became downregulated as developing neuroblasts advance along the temporal axis ( Figure 3F ). Lfng expression was rapidly lost in early neuroblasts, whereas downregulation of Jag1 and Sox2 occurred at a somewhat slower rate along the axis.
Analysis of genes representing major signaling pathways allowed us to correlate existing literature data and to delineate possible functional regulatory mechanisms. As expected (Bok et al., 2007) , Shh expression was principally absent in otocyst or neuroblast cells analyzed in our assay ( Figure 3G ). Shh receptor genes Smo and Ptc2, and its effector Gli3, however, were expressed and became downregulated in cells of late neuroblast identity. This indicates that, once neuroblasts adopt their lineage identity, they lose competence to respond to Shh.
Whereas virtually none of the 115 cells expressed any of the Wnt genes examined, gene expression mapping of Frizzled genes as well as the effector Axin2 support the hypothesis that neuroblast cells become unresponsive for Wnt signaling as they progress in development ( Figure 3H ). This is consistent with reports that increased responsiveness to Wnt signaling in Shh -/-mice leads to suppression of Neurog1 expression and failure of neuroblast development (Brown and Epstein, 2011) ; i.e., loss of Wnt responsiveness appears to be permissive for neuroblast development, and our single-cell analysis revealed that loss of frizzled expression and reduced expression of Wnt effector genes is a contributing mechanism ensuring proper neuroblast lineage development.
Notch signaling plays roles in regulating early regionalization and development of neuronal precursors in the inner ear (Abelló et al., 2007; Daudet et al., 2007) . We found that the neuroblast population displayed dynamic expression of several Notchrelated genes, consistent with a temporal gradient of neuronal differentiation across PC1. Early neuroblast cells, in particular, were enriched for ligands Dll1 and Jag1, as well as Notch2 and the effectors Hes1, Hes5, and Hey2 ( Figures 3I and S7A ). The expression of these Notch genes declined along the temporal PC1 axis, with Notch2 and the effectors declining more sharply than the ligands (Dll1 and Jag1). Interestingly, Notch1 was detected in only a few early neuroblast cells, which appeared to be exclusive for Notch2, suggesting that receptors may be differentially regulated ( Figure S7A ). In contrast to the above Notch genes, the ligand Jag2 and effector Hey1 did not display a decline along PC1 but, rather, appeared to increase slightly, which suggests that these particular Notch genes may function in later stages of auditory and vestibular ganglion development.
The occurrence of potential subpopulations of cells toward later stages of neuroblast development revealed an important limitation of our interpretation that the single principal component axis represents a time line. Although successive development is very likely an important contributor to the order of cells along the axis, we cannot exclude that the neuroblast lineage diverges into multiple cell types. In fact, one would anticipate such a split, which has been reported as early as E12 for vestibular and auditory ganglia, the earliest time point investigated so far (Lu et al., 2011) . Our data revealed that several genes, including Foxg1 and Jag2, were strongly expressed in a group of cells positioned on the principal component 1 axis corresponding to later stages of neuroblast development ( Figure S7A ). This prompted us to focus only on the population of late neuroblast cells (B3). Two-dimensional PCA recognized two distinct cell populations within B3, characterized by asymmetric expression of Foxg1 and Jag2 ( Figures S7B and S7C ). Although speculative, these two populations could be indicative of an early separation of vestibular and spiral ganglion neurons. Profiled gene expression analyses between spiral and vestibular ganglia detected differences in expression of Foxg1 and Jag2 as early as E12 (Lu et al., 2011) .
Regarding Fgf signaling, we noted that expression of Fgf8 and Fgf10 was higher in cells that reside in the early and intermediate phase of the presumed developmental timeline ( Figure 3J ). Fgf receptor 1 (Fgfr1) and antagonist Spry2 show an opposing distribution in which Fgfr1 expression was high in cells of early neuroblast identity and declined over time, whereas Spry2 expression increased and was more abundant in cells with a late neuroblast state. Other Fgf signaling members that we investigated did not (legend continued on next page) display such pronounced differences in distribution ( Figure S7A ). The distinct changes in expression of key otic Fgfs, the main receptor, and a prominent antagonist are in agreement with findings in chicken otic neuroblasts in which Fgf signaling is essential for early events during neuroblast determination (Alsina et al., 2004) . Loss of Fgf ligands and receptors, as well as upregulation of Spry2 at the late neuroblast stage, indicate that Fgf signaling ceases at this stage of development.
The most pronounced changes in expression of Tgfb-signaling genes were detectable for the inhibitor noggin, which declined from high expression during early stages of neuroblast development to absence in later-stage neuroblasts ( Figure 3K ). Expression levels of activin receptor type 2B were reduced in late neuroblasts compared to younger stages, whereas Bmpr2 expression increased from moderate to high levels in later-stage neuroblasts. The reversed expression pattern of Bmp4 antagonist noggin and Bmp receptor 2 suggests an active role of Tgfb signaling in specifying a cellular neuroblast identity at later stages.
Three-Dimensional Reconstruction of the Otocyst
The morphology of the otocyst resembles a sphere and contains transcriptionally distinct expression domains commonly associated with at least one of the three major body axes, dorsal/ ventral, medial/lateral, and posterior/anterior. To date, delineation of transcriptionally active regions occurs generally at low throughput in two-dimensional space. We sought to characterize expression domains of all assayed genes in three dimensions. To achieve this, we carried out PCA on 267 cells of the nonneuroblast clusters B2 and B4-B6 shown in Figures 2A and 2B . Next, we projected each of the 267 cells onto the surface of a sphere in a three-dimensional coordinate system and approximated the three major axes with the help of single-cell expression data for genes whose expression territories were confined to particular sides of the otocyst. Because several genes of our assay were selected to define known expression domains such as dorsal (Oc90) and medial (Gbx2), we were able to define the three major axes ( Figure 4A and ''Three-Dimensional Projection of PCA Data'' in Extended Experimental Procedures). To assess whether a 3D projection based on principal component coordinates could serve as a coarse reconstruction of the otocyst, we visualized the expression of marker genes quantitatively and analyzed the localization of marker-expressing cells in the sphere ( Figure 4B and Movies S1-S4 for all).
Dorsal markers Oc90 and Dlx5 and endolymphatic duct marker Wnt2b were found to be primarily projected to the dorsal half of the sphere model, with significant differences in expression levels of 9.8-fold, 3.9-fold, and 36.8-fold, respectively, when compared with the opposite ventral half of the sphere (Figure 4C) . Conversely, ventral markers such as Lfng and Sox2 were found to label cells on the ventral side. Lfng was expressed nearly exclusively in ventral otocyst cells, which accurately correlates with expression data from the literature (Hurd et al., 2010) . Sox2 was detectable in virtually all cells, but expression was significantly higher by 3.3-fold in cells located in the ventral portion of the projection when compared to the dorsal half. Analysis of Pax2 expression revealed a 4.1-fold higher level on the medial side, which also corresponds with previous reports (Zheng et al., 2003) .
Analysis of markers with reported medial expression, such as Gbx2 and Lmx1a (Koo et al., 2009; Lin et al., 2005) , revealed expression nuances previously not detectable with traditional methods. Whereas Gbx2 expression is restricted to cells located in the medial half of the otocyst, we also identified a tendency of this marker to be enriched in otocyst cells that express dorsal markers ( Figure 4C ). Lmx1a has been previously reported as a general marker for the majority of otocyst cells, except for the ventro-anterior domain (Koo et al., 2009 ). Our analysis confirmed that this gene is expressed in the majority of otocyst cells, but also revealed the highest expression of Lmx1a in the medial domain (3.9-fold higher when compared to the lateral half). Finally, cells that expressed neuroblast-associated genes Ntf3, Neurog1, and Neurod1 were found in the ventral half of the projection, which agrees with published reports (Fritzsch, 2003) . These cells are candidates for ventrally residing otocyst cells that have not yet fully transitioned into the neuroblast lineage.
After validating the spatial accuracy of the 3D model, we tested the ability of the model to define expression domains of genes previously not characterized in the mouse otocyst, such as Ap1m2, Fbxo2, and Otol1 ( Figures 4B and 4C ). Ap1m2 is expressed in virtually all otocyst cells, with a small bias for higher expression levels at the medio-anterior region; the gene is downregulated as neuroblasts mature ( Figure S7A ). Fbxo2 and Otol1, on the other hand, display a spatially more confined expression, with the highest expression found in the medial and ventral domains, potentially indicating association with cells that ultimately will progress into prosensory domains as development continues.
Determination of the three major axes dividing the otocyst into six defined hemispheres (dorsal, ventral, medial, lateral, posterior, and anterior) presents an opportunity to further subdivide the otocyst into distinct octants ( Figure 4D ). This allowed us to display for each octant the number of cells expressing the gene, as well as the mean expression value of a given gene. Pax2, for example, is significantly more highly expressed in octants representing the medial side of the model (p < 0.0001, octants 3-6) ( Figure 4D ). Additionally, we determined expression domains of prosensory markers Lfng and Sox2, which both are predominantly expressed in all four octants corresponding to the ventral half of the otocyst. Expression was highest in octants 5 and 8, which correspond mainly to a ventro-anterior character ( Figure 4D and see Table S2 ). Cells that expressed Fbxo2 and Otol1, two otic-specific candidate genes from our independent microarray study, predominantly reside in the medio-anterior and ventro-medio-anterior region, respectively, suggesting that this area of the otocyst that gives rise to the future prosensory domains is somewhat heterogeneous.
To further scrutinize the accuracy of the model, we measured gene expression profile distributions across all eight octants for each individual gene and compared the results to reported data in the literature. We calculated an ''expression score'', which takes into account the relative proportion of cells positive for a marker and its associated transcriptional level. As a result, nearly all genes that were examined exhibit correct expression distributions, as resolved by the 3D otocyst model (see Table S2 ).
Signaling Pathways Can Be Mapped to Spatially Defined Regions of the Otocyst
We used octant segmentation of the reconstructed otocyst to delineate signaling pathways by identifying cell groups that serve as originators and/or receivers of the following pathways: Notch, Shh, Fgf, Tgfb, and Wnt.
Notch signaling is important in at least two major modalities during otic development (Murata et al., 2012) but has not been thoroughly analyzed at the otocyst stage. Our analysis mapped the Notch pathway to two distinct spatially confined territories ( Figures 5A and 5B) , one to the dorso-anterior side (Notch2) and one to the ventro-anterior side (Hes1, Hey1, Hey2). Several Notch-signaling-associated genes are expressed in neurogenic and prosensory progenitors, generally localized in the ventromedio-anterior region. Thus, the prediction of the ventro-anterior spatial domain is consistent with available knowledge for Notch activity in this capacity. Notch2 is reportedly expressed in the early otocyst, and mutation in this gene caused increased apoptosis in the developing ear, but the precise pattern of Notch2 expression has not been resolved (Hamada et al., 1999) .
None of the examined otocyst cells expressed Shh, which is in concordance with published data that reports the notochord and floor plate as the sole Shh sources (Bok et al., 2007; Riccomagno et al., 2002) . Shh receptor gene Ptc2, as well as the effector gene Gli3, were predominantly expressed in cells located in the ventral half of the otocyst model ( Figure 5C ). For Gli1 and Gli2, the region of highest expression extends dorsally and anteriorly, respectively.
Fgf signaling plays an important role in specifying neuroblast cells in the ventral domain of the otocyst (Alsina et al., 2004) . Our analysis shows that Fgf3 and Fgf10 are being produced by a cohort of cells residing in the ventro-latero-anterior otocyst. Expression of the cell-autonomous Fgf signaling antagonist Spry1 was confined to a more medial domain, whereas cells expressing Fgfr1, Fgfr2, and Fgfr3 were located medio-anterior, dorso-medial, and latero-anterior, respectively ( Figure 5D ).
The role of Tgfb signaling in inner-ear development has not been elucidated in detail and only selectively described in the context of Bmp signaling (Chang et al., 1999; Gerlach et al., 2000; Merlo et al., 2002) . We confirmed and refined the previously reported expression pattern of Bmp4, which is reportedly confined to a dorso-lateral area of the mouse otocyst. Our analysis places Bmp4-expressing cells into the dorso-latero-anterior domain ( Figure 5E ). Bmpr2 expression was predominantly detected in cells located in the medio-anterior domain, similar to Acvr2b. Follistatin, a secreted protein that modulates the activity of Tgfb family members, is produced by a specific population of cells residing in the dorso-medio-posterior region of the otocyst. The Bmp antagonist chordin, however, is expressed by cells located in the latero-posterior domain of the otocyst. These findings show that Tgfb signaling is potentially active in different regions of the otocyst.
Cells that preferentially reside at the dorso-medio-anterior area of the 3D model express an array of Wnt receptors (Fzd1, Fzd6, Fzd7, Fzd10) and the effector gene Axin2 at the highest levels, suggesting their active state of receiving Wnt signaling ( Figure 5F ). Expression of Fzd2, Fzd8, and Fzd9 is highest in the ventro-anterior domain of the otocyst. The dorsally located Wnt-receiving cells might respond to Wnt1 and Wnt3a originating from the dorsal hindbrain (Riccomagno et al., 2005) . A distinct group of cells that coexpress Wnt2b and Wnt7a specified another subset of cells that reside at the dorso-medio-posterior side. Given the endolymphatic duct character of Wnt2b, this suggests that this area of the 3D otocyst model symbolizes part of the nonsensory components of the membranous labyrinth, visible as an out-pocketing at this age.
Identification of a Distinct Ventral-Associated Subgroup of Potential Predecessors of Prosensory Cells
We sought to identify the pool of cells that harbors competency to give rise to the prosensory structures, which in turn will differentiate into vestibular and auditory hair cells and supporting cells. We focused on the ventral otocyst cells B2 ( Figure 2C ). The heatmap generated with biclustering illustrates that this group represents a heterogeneous cell mixture (Figure 2A) , and we hypothesized that only a portion of the 93 B2-associated cells are predecessors of prosensory domain cells. Next, we computed and visualized a coexpression network of all otocyst-linked cells ( Figure 6A ). Topology analysis (Girvan and Newman, 2002) identified a group of 22 cells, which we named B2a, that was distinctively different from the bulk of cells in the center of the network, suggesting a potential different developmental commitment state ( Figure 6B ).
We investigated the two possible scenarios in which this cohort of cells either represents a very early population of proneural progenitor cells that take on a neuroblast developmental program or a different, nonneuronal population. The network architecture of all 382 cells implies that the latter is true, as the connecting arrangement between neuroblast-associated (B1) and nonneuroblast-associated cells is established by a group of cells other than the separating B2a cells ( Figure 6C ). We compared transcriptional levels of all 96 genes between B2a cells and the remaining B2 cells and between B2a cells and B1 cells. Figure 6D shows that the prosensory genes Jag1, Sox2, and Lfng are associated with cluster B2a in both comparisons. Furthermore, Neurog1, which is necessary for successful neuroblast commitment, is downregulated in B2a cells compared to both related cohorts. B2a cells are mainly located in the ventro-anterior portion of our otocyst model ( Figure 6E ).
We noted that presumptive pre-prosensory B2a cells display Notch signaling activity reflected by expression of Hey1, Hey2, Hes1, and Hes5, as well as Dll1, Jag1, and Notch2 ( Figure 6D ). Likewise, mediators of Shh signaling Gli2, Gli3, and Smo are also associated with B2a cells. Finally, the increased expression of Fgf3 and Fgf10, as well as of Spry1 and Spry2, suggests that B2a cells might serve as a source for Fgfs but are likely antagonizing Fgf signaling in a cell-autonomous fashion. These findings combined put forward a model in which Notch signaling is active during the initial phase of prosensory domain formation in combination with sustained response to Shh and cell-intrinsic inhibition of Fgf signaling, which is in agreement with the proposed role of Notch signaling in maintaining or expanding prosensory patches (Hartman et al., 2010; Murata et al., 2006; Neves et al., 2011) , and with the observed downregulation of genes mediating response to Shh in neuroblasts (Brown and Epstein, 2011; Riccomagno et al., 2002) (Figure 4G ). Whereas Notch signaling might not be responsible for induction of the prosensory domain (Basch et al., 2011; Kiernan et al., 2006) , our data suggest that individual cells in the ventral otocyst integrate multiple signals at once, suggesting a complex balance of presumably permissive and partially inducing signals that lead to the establishment of prosensory as well as neuroblast lineages in these regions.
DISCUSSION
Single-cell quantitative RT-PCR is a rapidly evolving method that bears promise to benefit many aspects of biology and medicine (Kalisky and Quake, 2011) . Conventional approaches to study gene expression are generally limited to pooled cell populations or focus on tissues in which expression of individual genes can be assessed at the transcript or protein level. Pooled cell populations have been successfully assayed for many genes using expression arrays and RNA deep-sequencing techniques. These methods are restricted to the population and not individual cells.
In situ hybridization and immunohistochemistry provide cellular information yet are restricted to only a handful of genes. Integrating high-throughput with cellular resolution presents the ideal concept to study sparse cell derivatives with different biological identities. However, to date, this requires dissociation of the tissues of interest, which in turn results in loss of critical spatial information. Our analysis strategies amalgamate existing spatial and temporal gene expression information with mathematical reconstruction models of developmental maturation (neuroblast) and three-dimensional organ systems (otocyst). We used the mouse otocyst, the anlage of the inner ear, because a simple map of broad expression domains that define major axes exists for multiple well-characterized genes. Knowledge about asymmetrically expressed genes such as markers for the delaminating neuroblast lineage, the precursors of the prosensory domains on the ventral side of the otocyst (Brooker et al., 2006; Kiernan et al., 2005) , or the dorsally located endolymphatic duct (Hatch et al., 2007; Koo et al., 2009; Lin et al., 2005; Riccomagno et al., 2002) provided a framework for reconstruction of cell lineage relationships and location of individual otocyst cells in a 3D model. Our analyses revealed that the cells that we categorized as neuroblasts display a transitory character. The association of the first principal component with temporal changes allowed us to study this transition on a one-dimensional principal component vector. The accuracy of this informative analysis was consistent with existing gene expression data and revealed dynamics of many previously uncharacterized genes in a highthroughput context at single-cell resolution. Ultimately, utilizing this analysis approach in combination with applicable transgenic mouse models will without doubt have great impact on developmental biology and other fields.
EXPERIMENTAL PROCEDURES Otocyst and Neuroblast Cell Isolation
Pax2
Cre+/-males were mated with Gt(ROSA)26Sor mtdTomato,mEGFP females and checked for vaginal plugs daily. After positive plug confirmation (E0.5), females were sacrificed 10 days thereafter and embryos were isolated (E10.5). Embryos (n = 6), derived from one litter, were microdissected in ice-cold Hank's balanced salt solution (HBSS). Successful Cre-mediated recombination was verified using a fluorescence dissection microscope. We ensured that all six embryos used for the study were very closely matched, based on overall size, completed otocyst closure, and clear manifestation of the endolymphatic duct. Otocysts (12 in total) and surrounding tissue were microdissected and incubated with thermolysine for 20 min at 37 C to remove mesenchyme. Tissue was washed 13 with HBSS and treated with Accutase (Innovative Cell Technologies) for 30 min at 37 C. Cells were mechanically triturated and washed 23 with HBSS. Prior to cell sorting, the cell suspension was passed through a 35 mm strainer (BD Biosciences) to remove residual cell clumps. Gating strategy was designed to maximize capture of one individual live cell per well ( Figure S1 ). . Flow rate was kept constant at 300 cells/s (''precision'' set to ''single cell''; nozzle, 100 mm). 96-well plates were immediately sealed and stored at À80 C for subsequent RNA processing.
Cell Sorting by FACS
RNA Processing and qRT-PCR
RNA was reverse transcribed into cDNA with validated amplicon-specific DELTAgene Assays (Table S1 ) using SuperScript III RT Platinum Taq Mix plus 103 Primer Mix added to each sample. Reverse transcription and preamplification of target genes were performed in one step using 20 cycles. Samples were treated with exonuclease I (NEB), diluted 53 for subsequent qPCR reaction, and combined with sample premix solution consisting of 23 SsoFast EvaGreen Supermix with Low ROX (Bio-Rad) and 203 DNA Binding Dye Sample Loading Reagent (Fluidigm). Assay mix was formulated as follows: 23 Assay Loading Reagent (Fluidigm), 13 DNA suspension buffer, and pooled primer pairs (500 nM each). After priming the 96.96 dynamic array integrated fluidic circuit (IFC, Fluidigm) with control line fluid, the chip was loaded with assays and samples using an HX IFC controller (Fluidigm). The experiments were run on a Biomark HD (Fluidigm) for 30 cycles and subsequent melting curve generation. A master list of all cells and gene expression data is presented in Table S2E . See Extended Experimental Procedures for additional details. 
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